Microcosms were prepared from aquifer material, spiked with monoaromatic hydrocarbons, and amended with oxygen, nitrate, and nitrous oxide. Benzene and alkylbenzenes were degraded to concentrations below 5 ,ug/liter within 7 days under aerobic conditions, whereas only the alkylbenzenes were degraded when either nitrate or nitrous oxide was used. With limited oxygen, monoaromatic hydrocarbons were degraded but removal ceased once oxygen was consumed. However, when nitrate was also present, biodegradation of the alkylbenzenes continued with no apparent lag. Although benzene was still recalcitrant, levels were reduced compared with levels after treatment with nitrate or limited oxygen alone.
Leaking underground storage tanks are a major source of groundwater contamination by petroleum hydrocarbons.
There are approximately 1.4 million underground tanks storing gasoline in the United States, and some petroleum experts estimate that 75,000 to 100,000 of these tanks are leaking (7) . Gasoline and other fuels contain benzene, toluene, and xylenes (collectively known as BTX), which are hazardous compounds regulated by the U.S. Environmental Protection Agency (6) . Although these aromatic hydrocarbons are relatively water soluble, they are contained in the immiscible bulk fuel phase, which serves as a slow-release mechanism for sustained groundwater contamination.
Aerobic biorestoration, in conjunction with free product recovery, has been shown to be effective for many fuel spills (12, 15) . However, success is often limited by the inability to provide sufficient oxygen to the contaminated intervals because of the low solubility of oxygen (1, 16) . Nitrate can also serve as a terminal electron acceptor, and because nitrate is much more soluble than oxygen, it may require less time and hence be more economical to restore fuel-contaminated aquifers under denitrifying conditions rather than under aerobic conditions. Several investigators have observed biodegradation of aromatic fuel hydrocarbons under denitrifying conditions (8, 10, 13, 14) . Kuhn concentrations of 1 to 6 mg/liter for each compound and a headspace volume of 3.5 ml. For the second test, using mixed-electron-acceptor conditions, the headspace volume was reduced to 1.0 ml.
Immediately after being spiked, the microcosms were sealed with Teflon-lined butyl rubber septa, the solutions were mixed, and the bottles were removed from the glovebox. The headspace gas for each microcosm was replaced by inserting a needle alongside the septum, without puncturing the material, and purging the headspace for 30 s at 100 ml/min with the appropriate gas. Compressed air, helium, nitrous oxide, and 20% carbon dioxide-80% nitrogen were used for aerobic, nitrate-reducing, nitrous oxide-reducing, and reduced anaerobic microcosms, respectively. Air was used with nitrate addition for mixed-electron-acceptor conditions. Microcosms were inverted and incubated in an anaerobic glovebox in the dark at 12°C, the temperature of the groundwater at Traverse City. Three replicates from each set were sacrificed at designated time intervals. The microcosm headspace was sampled and analyzed for permanent gases by using a Varian gas chromatograph equipped with a thermal conductivity detector. Gases were chromatographed by using a 6-ft CTR I dual column (1 ft = 30.48 cm) consisting of a 1/8-in. inner column (1 in. = 2.54 cm) packed with Porapak mix and a 1/4-in. outer column packed with activated Molecular Sieve (Alltech Associates, Deerfield, Ill.). Operation was isothermal at 35'C, with a flow rate of 20 ml/min. The headspace volume was replaced with distilled water during sampling, and each microcosm was mixed and centrifuged in a Beckman CPR centrifuge at 1,500 rpm for 30 min to clarify the supernatant. The volatile aromatic hydrocarbons were analyzed by purgeand-trap gas chromatography (8). The quantitation limit for these compounds was 5 jig/liter. Samples were also analyzed for aqueous nitrate, nitrite, and ammonia concentrations by standard Environmental Protection Agency methods (9) .
Biodegradation was observed for all of the test compounds under aerobic, nitrate-reducing, and nitrous oxide-reducing conditions, with the exception of benzene under the two types of denitrifying conditions (Fig. 1) . In general, no biodegradation was observed in the reduced anaerobic microcosms, indicating that oxygen, nitrate, or nitrous oxide was required for biodegradation of the test compounds. Toluene was degraded in the reduced anaerobic microcosms, but the rate of removal was slow and began only after a lag period of at least 15 days (Fig. 1) with the use of either nitrate or nitrous oxide, and all compounds except for benzene and o-xylene were degraded to below detection limits (Fig. 1) . Benzene was recalcitrant, whereas biodegradation of o-xylene ceased once the other alkylbenzenes were degraded; this effect was also observed in a previous test (8 In the second test, the headspace volume was reduced to allow most of the oxygen to be consumed prior to complete BTX biodegradation, and one set of microcosms was amended with enough nitrate to theoretically carry the reaction to completion. Oxygen concentrations in the headspace decreased from 11.9% ± 0.6% to 0.7% and from 13.0% + 0.8% to 0.7% within 7 days in microcosms receiving limited air and limited air with nitrate, respectively, with no oxygen removal afterwards. This caused BTX biodegradation to cease after day 7 in those samples without nitrate addition (Fig. 2) . However, biodegradation continued in the microcosms amended with nitrate with no apparent lag, although there was a decrease in the rates of biodegradation after day 7 as aerobic biodegradation ceased and denitrification became the dominant process. Interestingly, nitrate removal and nitrite production were identical for the first 7 days in the microcosms receiving limited air with nitrate or nitrate alone, indicating that oxygen had little effect on denitrification (data not shown). In general, the use of nitrate alone resulted in extended lag periods, but the initial rates of removal were greater than those in samples receiving both nitrate and air, once the oxygen was depleted (Fig. 2) .
Although benzene was recalcitrant under denitrifying conditions in this study, there was a significant decrease in benzene concentrations after day 7 (once oxygen removal ceased) in those samples receiving both nitrate and air compared with samples receiving nitrate alone (Fig. 2a) . The reason for this is unclear. Benzene biodegradation under denitrifying conditions is enigmatic; some researchers report that benzene is recalcitrant (4, 8, 10, 17) , whereas others indicate that benzene is rapidly degraded (2, 3, 13 
